Structural and thermal transport properties of ferroelectric domain
  walls in GeTe from first principles by Dangić, Đorđe et al.
ar
X
iv
:2
00
4.
07
11
0v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 15
 A
pr
 20
20
Structural and thermal transport properties of ferroelectric domain walls in GeTe
from first principles
Ðorđe Dangić1,2,∗ Éamonn D. Murray3, Stephen Fahy1,2, and Ivana Savić2†
1Department of Physics, University College Cork, College Road, Cork, Ireland
2Tyndall National Institute, Dyke Parade, Cork, Ireland and
3Department of Physics and Department of Materials,
Imperial College London, London SW7 2AZ, UK
(Dated: April 16, 2020)
Ferroelectric domain walls are boundaries between regions with different polarization orientations
in a ferroelectric material. Using first principles calculations, we characterize all different types of
domain walls forming on (111¯), (111) and (11¯0) crystallographic planes in thermoelectric GeTe. We
find large structural distortions in the vicinity of most of these domain walls, which are driven by
polarization variations. We show that such strong strain-order parameter coupling will considerably
reduce the lattice thermal conductivity of GeTe samples containing domain walls with respect to
single crystal. Our results thus suggest that domain engineering is a promising path for enhancing
the thermoelectric figure of merit of GeTe.
I. INTRODUCTION
Thermoelectric materials can convert heat into elec-
trical power or, in reverse, cool devices using electri-
cal current. GeTe is one of the most efficient thermo-
electric materials currently known [1–13]. One reason
for this is the low lattice thermal conductivity [14, 15],
which is the result of its proximity to the ferroelectric
phase transition mediated by soft transverse optical (TO)
phonon modes. These soft phonon modes strongly cou-
ple with heat carrying acoustic phonons, disrupting their
flow and leading to the low lattice thermal conductivity
[14]. Secondly, certain electronic band structure proper-
ties of GeTe (such as high valence band degeneracy, va-
lence band convergence, relatively small band mass [5])
further improve its thermoelectric performance.
Below the Curie temperature, GeTe samples may
contain regions with different polarization orientations,
which are known as ferroelectric domains [16–23]. Ferro-
electric domains in a material are separated by regions of
varying polarization called domain walls (DWs) [24–29].
Influence of DWs on the thermoelectric transport prop-
erties of GeTe and ferroelectric materials in general has
not been much investigated. Here we investigate whether
DWs, like other types of interfaces, could suppress the
lattice thermal conductivity of GeTe, as reported in fer-
roelectric oxides [30–38].
Below ∼ 600 − 700 K, GeTe crystallizes in a rhombo-
hedral structure, characterized by the Te internal atomic
displacement along the [111] direction, which represents
the order parameter. GeTe crystal can be described us-
ing the primitive rhombohedral unit cell with two atoms,
the hexagonal unit cell with six atoms, the pseudocu-
bic unit cell with eight atoms etc. The sides of each of
these unit cells can be the host planes for DWs, forming
different types of DWs in relation to the DW plane e.g.
(111¯), (11¯0), (111) and (001) DWs (these are Miller in-
dices of the planes in the pseudocubic unit cell). Each of
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FIG. 1. An example of the domain structure in a ferroelectric
material. Different polarization directions in a single domain
are color coded (top) and the boundaries between these do-
mains correspond to different types of domain walls (bottom).
Domain wall boundary for this configuration of domains is one
of the faces of the cube, (001) plane. Tail-to-tail, head-to-
head and tail-to-head domain walls are labeled as T-T, H-H
and T-H, respectively.
these planes can host different DWs depending on the an-
gle between polarization vectors in neighboring domains:
39◦, 141◦ and 180◦ (111¯) DWs, 180◦ (11¯0) and (111)
DWs, and 71◦, 109◦ and 180◦ (001) DWs. Depending
on the orientation of polarization vectors with respect
to the DW plane, there are two additional types of 39◦
and 180◦ (111¯) DWs, 180◦ (111) DWs, and 71◦ and 180◦
(001) DWs: head-to-head (H-H) and tail-to-tail (T-T).
141◦ (111¯), 180◦ (11¯0) and 109◦ (001) DWs have a head-
to-tail (H-T) (or equivalently, tail-to-head, T-H) polar-
ization orientation. Some of (001) DWs are illustrated
in Fig. 1. All described H-H and T-T DWs are charged
i.e. they have induced bound charge due to polarization
discontinuity at the DW, while all considered H-T DWs
are neutral (the polarization component perpendicular to
the DW plane does not change, hence there is no bound
charge). Considering the nature of polarization change
across DWs, they can have Ising character, where po-
larization only changes in magnitude, and Bloch or Néel
2character if polarization rotation occurs in the plane par-
allel or perpendicular to the DW plane, respectively [39].
While available experimental data agree that the her-
ringbone domain structures are present in GeTe sam-
ples, they disagree on the predominant types of domain
walls. Ref. [19] reported (001), (11¯0) and (111¯) DWs,
while other studies [16, 21] found (001) and (110) DWs.
The most recent work [22] claims that the herringbone
structure is bounded by the (110) and (111) planes, sta-
bilizing (111¯) DWs after doping GeTe with Sb and Si.
In the light of these contradictory experimental findings,
computational investigation of ferroelectric DWs in GeTe
gains in importance.
In this paper, we characterize all the described types
of (111¯), (111) and (11¯0) domain walls in GeTe from
first principles. We calculate structural properties, such
as DW energy and width, polarization profile, and lo-
cal structure distortions, of each of those DWs. We find
that all of the investigated DWs have Ising - Néel char-
acter, except (111) DWs that are purely Ising. Strong
strain-order parameter coupling is present at most of
these DWs, which amplifies strong acoustic-soft TOmode
coupling that exists in domains. As a result, the lattice
thermal conductivity of GeTe samples incorporating fer-
roelectric domains can be significantly lower than that of
single crystal in the direction perpendicular to the DW
plane. These findings demonstrate the potential of do-
main wall engineering for improved thermoelectric per-
formance.
CONSTRUCTION AND RELAXATION OF
DOMAIN WALLS
The low temperature value of the rhombohedral an-
gle in GeTe is 57.825◦ [40], which is well captured with
our density functional theory (DFT) calculation yielding
57.776◦. Such a large value of the rhombohedral distor-
tion makes the task of constructing GeTe supercells that
contain DWs more difficult than that for cubic materi-
als [39, 41–44], since we need to realistically represent
twinning due to lattice orientation mismatch at the DW
boundary. Twinning does not occur for 180◦ DWs and
their construction is straightforward.
We construct supercells containing 39◦ and 141◦ (111¯)
twinned DWs as follows. The primitive unit cell of rhom-
bohedral GeTe is defined by the translation vectors:
~r1 = a(b, 0, c),
~r2 = a(− b
2
,
b
√
3
2
, c), (1)
~r′3 = a(− b
2
,−b
√
3
2
, c),
where a is the lattice constant, b =
√
2(1− cos θ)/3, c =√
(1 + 2 cos θ)/3, and θ is the angle between the primitive
lattice vectors. The atomic positions in this structure
are taken to be: Ge (0.0,0.0,0.0) and Te (0.5 + τ , 0.5
+ τ , 0.5 + τ) in reduced coordinates. We choose one of
the crystallographic planes in the primitive unit cell to
be our DW boundary, for example (111¯). In this case
we keep the first and second lattice vectors unchanged
prior to structural relaxation and they are identical in
both domains. We calculate the third lattice vector of
the second domain ~r′′3 using the fact that (111¯) plane is
the mirror plane of our domain structure, see Fig. 2. The
third lattice vector ~r3 for the entire structure is defined as
~r3 = N( ~r′′3− ~r′3)/2, where N is the number of primitive
unit cells in the supercell, which contains two DWs: 39◦
H-H and T-T DWs, or 141◦ H-T and T-H DWs.
Ge1
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FIG. 2. Geometry of GeTe domain structure containing 39◦
or 141◦ (111¯) domain walls for the case where domains are one
unit cell long. Blue lines are the unit cell vectors of the do-
main structure, while green vectors represent the third primi-
tive lattice vectors of individual domains. Red lines represent
polarization directions in different domains. The positions of
Ge atoms are labeled as Ge1 and Ge2. The lattice constants
of the two primitive unit cells that constitute this supercell
are labeled as a1 and a2.
After constructing the supercells described above, we
relax the atomic positions and structure using DFT. First
we relax the positions of Te atoms, keeping Ge atoms and
the global structure (the unit cell vectors ~r1, ~r2 and ~r3)
fixed. In this case, forces after relaxation are around 10−4
eV/Å inside the domains and can be as large as 0.1 eV/Å
at the DW. The second step is the relaxation of the local
structure through the relaxation of Ge atomic positions
and the supercell lattice vectors, along with further opti-
mization of Te atomic positions. After this step, atomic
forces are lower than 10−6 eV/Å even for atoms at the
DW. We used these structures for the calculation of DW
energies and widths, and local structure distortions.
Next we define local structure parameters, which are
descriptive of one primitive unit cell within the con-
structed supercell. We describe the local lattice constant
3for the ith primitive cell away from the DW as the dis-
tance between two neighboring Ge atoms:
ai = |~ai| = |~rGe,i − ~rGe,i+1|. (2)
The local rhombohedral angle for the same primitive cell
is calculated from the scalar product of ~ai with the first
supercell translation vector ~r1 (using ~r2 yields the same
result):
θi = arccos
~ai · ~r1
|~ai||~r1| . (3)
We define the local polarization vector for each prim-
itive cell as the vector between Te atom and the high
symmetry point (0.5,0.5,0.5) inside the same primitive
cell and normalize its value so that the polarization mag-
nitude along the trigonal axis inside the domain is one.
Polarization profiles are taken along different directions
illustrated in Fig. 3. The first direction is along the trig-
onal axis inside a particular domain, P‖ (red color in Fig.
3). This direction changes from one domain to another
(from P‖ to P ′‖). The second direction is along the vec-
tor normal to the plane defined by the trigonal axes in
neighbouring domains PB (black vector in Fig. 3), which
corresponds to the Bloch component of polarization. The
third direction is chosen to form the orthogonal coordi-
nate system with the first two directions inside individual
domains (blue vectors labeled as P⊥ and P ′⊥ in Fig. 3),
representing the Néel components of polarization.
To extract domain wall widths, we fit the polarization
profiles along the trigonal axes to the expression:
p(d) = P0 tanh
2(d− d0)
w
. (4)
Here w is the DW width, d0 is the position of the DW
boundary and P0 is the polarization value inside domains.
Domain wall energies are calculated as:
EDW =
E1 − E0
2S
, (5)
where E1 is the total energy of the relaxed domain struc-
ture, E0 is the total energy of bulk GeTe with the same
number of atoms as the supercell containing DWs, and S
is the area of the DW boundary. Due to periodic bound-
ary conditions, our supercells with a H-H DW must also
contain a T-T DW. Therefore we can only calculate an
average domain wall energy for a certain DW angle.
In the case of 180◦ (111¯) DWs, there is no twinning at
the domain boundary and the construction of supercells
containing these DWs is trivial. The definition of the
polarization directions for these supercells is somewhat
ambiguous, since the polarization vectors in neighboring
domains are collinear. We choose the supercell in which
the polarization directions inside domains are along the
z Cartesian axis. We define the Bloch component of po-
larization along the direction perpendicular to the z axis
P||
P'||
P⊥
P'⊥
PB
FIG. 3. Polarization directions inside each domain for GeTe
structures containing 39◦ or 141◦ (111¯) domain walls. Polar-
ization directions in two neighboring domains are labeled as
primed and non-primed. P|| is the direction along the trig-
onal axis. PB is the direction normal to the plane of the
trigonal axes in neighboring domains and corresponds to the
Bloch character of polarization. The third direction, P⊥, is
perpendicular to the other two directions and quantifies the
Néel character of polarization.
and the vector of the DW boundary. This allows us to
define the Néel component along the direction perpen-
dicular to the z axis and the Bloch component.
We construct supercells incorporating 180◦ (111) and
(11¯0) DWs from the hexagonal unit cell of GeTe. The
hexagonal unit cell is defined with the following set of
lattice vectors:
~h1 = a(
√
3b
2
,−3b
2
, 0),
~h2 = a(
√
3b
2
,
3b
2
, 0), (6)
~h3 = a(0, 0, 3c).
The definition of parameters a, b and c are the same as in
the case of the rhombohedral cell. The positions of atoms
in this unit cell are: Ge ((0.0,0.0,0.0), (2/3,1/3,1/3),
(1/3,2/3,2/3)) and Te ((0.0,0.0,0.5+τ), (2/3,1/3,5/6+τ),
(1/3,2/3,1/6+τ)). (111) DWs are perpendicular to the
trigonal axis, while (11¯0) DW boundary contains the trig-
onal axis. For (111) DWs, the trigonal axis is oriented
along the z Cartesian axis, and polarization directions
correspond to the Cartesian axes. For (11¯0) DWs, the
Néel component of polarization is the vector of the DW
plane, while the Bloch component is perpendicular to it
and the trigonal axis.
(001) DWs are constructed in a similar manner as (111¯)
DWs, but using the pseudocubic unit cell (conventional
4rocksalt structure) vectors:
~pc1 = a(−2b, 0, c),
~pc2 = a(b,−b
√
3, c), (7)
~pc3 = a(b, b
√
3, c).
Parameters a, b and c are the same as for the rhombo-
hedral cell. We have tried performing relaxation of these
domain walls as well. The relaxation of these structures
proved to be very computationally expensive, mostly be-
cause these domain walls have approximately four times
more atoms per domain length compared to (111¯) DWs.
In the case of charged DWs, polarization discontinuity
induced bound charge is larger at the (001) DWs making
them harder to relax. However, we expect similar struc-
tural and electronic properties for (001) DWs as for (111¯)
and (111) DWs.
TECHNICAL DETAILS
DFT calculations were performed using the plane
wave basis set, the generalized gradient approximation
with Perdew-Burke-Ernzerhof parametrization (GGA-
PBE) for the exchange-correlation potential [45] and
Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials
[46] as implemented in the ABINIT code [47, 48]. We
used the energy cutoff of 16 Ha for plane waves in all
cases. We performed a convergence study of the DW
widths and energies with respect to the domain size for
all considered DWs (see Supplementary Material). We
carried out DFT calculations on 1 × 1 × N supercells
containing (111¯) DWs, where N is 32 for 39◦ and 141◦
DWs (64 atoms) and 40 for 180◦ DWs (80 atoms). We
used a 4× 4× 1 k-point grid for the Brillouin zone sam-
pling of the electronic states of (111¯) DWs. For (111) and
(11¯0) DWs, we used 1× 1× 24 and 24× 1× 1 supercells
formed from the hexagonal unit cell (144 atoms). We
used 4× 4× 1 and 1× 12× 4 k-point grids for sampling
the Brillouin zone for (111) and (11¯0) DWs, respectively.
We used "cold smearing" for electronic states [49] due to
the existence of metallic states in some of the structures.
All calculations were done excluding spin-orbit coupling.
(111¯) DOMAIN WALLS
The domain wall energies and widths of (111¯) DWs
are presented in Table I. [50] The energy cost of DW
formation is the largest for 39◦ DWs, and the lowest for
180◦ DWs. Compared to BaTiO3 neutral DWs [39], GeTe
DWs can have up to 100 times larger DW energies. How-
ever, compared to charged DWs in perovskite materials
[41, 51], DWs in our calculations have comparable en-
ergies. GeTe (111¯) DW energies and widths exhibit a
few obvious trends. Charged DWs (39◦ and 180◦) usu-
ally have larger energies with respect to the neutral one
(141◦). Twinning also gives a large contribution to the
DW energy (compare the DW energies of twinned 39◦
and 141◦ DWs with those of 180◦ DWs).
H-H width [Å] T-T width [Å] Average DW energy
[mJ/m2]
39◦ DW 3.4 4.4 547
180◦ DW 13.4 14.8 376
H-T width [Å] T-H width [Å] Average DW energy
[mJ/m2]
141◦ DW 4.0 4.0 404
TABLE I. Domain wall (DW) widths and energies for (111¯)
DWs. H-H and T-T denote head-to-head and tail-to-tail DWs,
respectively. H-T and T-H denote head-to-tail and tail-to-
head DWs, respectively.
We now discuss the polarization profiles along GeTe
structures containing (111¯) domain walls. Bulk GeTe
has the spontaneous polarization of 63 µC/cm2, which is
similar to that of perovskite materials [39, 41, 51]. The
polarizations along the trigonal axis (P||) and the Néel
component of polarization (P⊥) for (111¯) DWs are given
in Fig. 4. For all these DWs, the Bloch component of
polarization is zero. The Néel character is stronger for
T-T DWs with respect to H-H DWs with the same polar-
ization angle. 141◦ DW has the strongest Néel character
and 180◦ DWs have the strongest Ising character. Both
141◦ DWs have the same polarization profiles since they
are of the H-T type, in contrast to 39◦ and 180◦ DWs.
Next we illustrate large local structural distortions in
the vicinity of (111¯) DWs. They arise due to the fact that
the rhombohedral angle of GeTe is considerably different
from the cubic value of 60◦. The local lattice constant
and rhombohedral angle changes for supercells incorpo-
rating (111¯) DWs with respect to the bulk GeTe values
are shown in Fig. 5. The structural distortions are the
smallest in the case of 39◦ DWs, and are considerably
larger for 141◦ and 180◦ DWs. We note that, even in
the middle of each domain, there is a slight renormal-
ization of the lattice constant and rhombohedral angle
compared to the bulk values [52]. This is probably due
to the small size of domains that do not perfectly screen
the depolarizing field. Also, we point out the asymmetry
of structural distortions for 141◦ DW with respect to the
DW boundary, which is non-existent in other four types
of (111¯) DWs, due to the difference in geometry.
It is interesting to compare the trends related to local
structural changes near DWs to those observed in single
crystalline GeTe near the ferroelectric phase transition.
In GeTe undoped single crystal, the lattice constant and
the internal atomic displacement decrease as the mate-
rial approaches the phase transition with increasing tem-
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FIG. 4. Polarization profiles for GeTe structures containing
(a) 39◦, (b) 141◦ and (c) 180◦ (111¯) domain walls (DWs). Red
line represents polarization in the direction of trigonal axes of
each domain (P||), and blue line red shows the Néel compo-
nent of polarization (P⊥). DW boundaries are indicated by
black vertical lines and labeled T-T for tail-to-tail, H-H for
head-to-head, H-T for head-to-tail and T-H for tail-to-head
DWs. For 39◦ T-T DW, P|| values in one of the domains are
plotted as negative (orange line) to aid visualization.
perature, while the angle increases [52–54]. For 39◦ H-H
DW, the local lattice constant and polarization along the
trigonal axis increase while the local rhombohedral angle
decreases closer to the DW. Consequently, the local struc-
ture of 39◦ H-H DW exhibits the opposite trends to that
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FIG. 5. Local lattice constant (blue line) and local rhombo-
hedral angle (red line) for GeTe structures containing (a) 39◦,
(b) 141◦ and (c) 180◦ (111¯) domain walls (DWs). DW bound-
aries are indicated by black vertical lines and labeled T-T for
tail-to-tail, H-H for head-to-head, H-T for head-to-tail and
T-H for tail-to-head DWs.
of the single crystal near the phase transition. 180◦ T-T
DW displays the same trends for the local structure as the
single crystal near the phase transition, with decreasing
lattice constant and polarization along the trigonal axis
and increasing angle closer to the DW.
6(111) AND (11¯0) DOMAIN WALLS
Table II shows the domain wall energies and widths of
180◦ (111) and (11¯0) DWs. Their DW widths are larger
compared to (111¯) DWs. We note that there is a dif-
ference in the DW widths for individual H-T and T-H
(11¯0) DWs. It is unclear whether this is due to the fi-
nite size of domains, or there is a symmetry breaking
we are not aware of. (11¯0) DW has the smallest energy
among all investigated DWs. This is because (11¯0) DW is
neutral and its electrostatic energy is small, its Néel com-
ponent of polarization is small and there is no twinning
at the DW boundary. On the other hand, (111) DWs
have the highest energy among all considered DWs and
this is mostly due to a large depolarization field caused
by bound charge at the DW boundaries.
H-H width [Å] T-T width [Å] Average DW
energy [mJ/m2]
(111) DW 19.4 22.6 686
H-T width [Å] T-H width [Å] Average DW
energy [mJ/m2]
(11¯0) DW 9.7 8.4 25
TABLE II. Domain wall (DW) widths and energies for 180◦
(111) and (11¯0) DWs. H-H and T-T denote head-to-head and
tail-to-tail DWs, respectively. H-T and T-H denote head-to-
tail and tail-to-head DWs, respectively.
Although our results suggest that (11¯0) DW is much
more energetically favorable than other DWs considered,
we stress that this study is carried out on perfect crystals,
without any imperfections. Including vacancies or inter-
stitial atoms could considerably change the energetics of
particulars domains, making other types of DWs more
stable. This is somewhat confirmed by a recent experi-
mental study [22], which shows that including impurities
stabilizes (111¯) DWs.
The polarization profiles for (111) and (11¯0) DWs are
given in Fig. 6. (111) DWs walls have pure Ising char-
acter, exhibiting only changes of the magnitude of polar-
ization and not of the direction. This is primarily due
to its geometry: the depolarization field is parallel to the
polarization, and changing the direction of polarization
would be energetically very expensive. The (11¯0) DW
has a small but noticeable Bloch-Néel character. The
existence of the Bloch component of polarization at this
DW is unique among the DWs considered. However, the
Bloch and Néel components are too small to have a sub-
stantial effect on the electronic states. This is partially
confirmed by the calculation of the local density of states
(DOS) of this DW, which is very similar to the DOS of
bulk GeTe.
Fig. 7 illustrates local structural distortions for (111)
and (11¯0) DWs. Both (111) DWs have comparatively
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FIG. 6. Polarization profiles for GeTe structures containing
(a) (111) and (b) (11¯0) domain walls (DWs). Red line repre-
sents polarization in the direction of the trigonal axis (P||),
while blue and black lines represent the Néel (P⊥) and Bloch
(PB) components of polarization (multiplied by constant val-
ues to make them visible on the graph). DW boundaries are
indicated by black vertical lines and labeled T-T for tail-to-
tail, H-H for head-to-head, H-T for head-to-tail and T-H for
tail-to-head DWs.
large changes of the local angle and lattice constant, sim-
ilarly to (111¯) DWs. They exhibit the same trend as sin-
gle crystalline GeTe near the phase transition [52–54]:
increasing angle and decreasing lattice constant and po-
larization closer to the DW. This is expected due to the
pure Ising character of this DW and the fact that depolar-
izing field is collinear with polarization. Local structural
distortions of (11¯0) DW resemble numerical noise, since
the structural changes along domains are smaller than
the renormalization from the bulk values in the middle
of domains. These effects as well as the differences in the
polarization profiles and DW widths in (11¯0) DWs may
come from a small domain size used in our calculations.
Using larger supercells is computationally expensive and
the properties of (11¯0) DW are not of significant imme-
diate interest.
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FIG. 7. Local lattice constant (blue line) and local rhom-
bohedral angle (red line) for GeTe structures containing (a)
(111) and (b) (11¯0) domain walls (DWs). DW boundaries are
indicated by black vertical lines and labeled T-T for tail-to-
tail, H-H for head-to-head, H-T for head-to-tail and T-H for
tail-to-head DWs.
THERMAL CONDUCTIVITY OF GETE WITH
DOMAIN WALLS
Large local changes of the lattice constant and angle in
the vicinity of DWs driven by large polarization changes
indicate the presence of strong strain-order parameter
coupling. This mechanism is similar to acoustic-soft TO
mode coupling in bulk GeTe [14], and will likely reduce
the lattice thermal conductivity of GeTe samples con-
taining DWs in the direction perpendicular to the DW
plane. Alternatively, we can view DWs as grain bound-
aries which would effectively scatter phonons [36, 37].
Domain size will also determine the strength of phonon
scattering. 39◦ and 141◦ DWs may be more beneficial
for the lattice thermal conductivity reduction due to the
larger lattice orientation mismatch (caused by different
orientations of the Brillouin zone in neighbouring do-
mains) at the DW boundary.
We compute phonon scattering rates due to strain-
order parameter coupling and lattice orientation mis-
match caused by DWs as follows. First we define the
scattering potential [55] with respect to structural defor-
mations as:
V ju (
~k, x) = ~∆ωj(~k, x) = ~ωj(~k)γju(
~k)ǫu(x). (8)
Here u represents one of the structural parameters: u =
a, θ, τ (a - lattice constant, θ - angle, τ - internal atomic
displacement), ωj(~k) is the frequency of the phonon mode
with the wave vector ~k and the branch j, ∆ωj(~k, x) is the
change of ωj(~k) at position x along the structure, and
ǫu(x) is the relative change of the structural parameter u
at x with respect to bulk. γju(~k) is the generalized mode
Grüneisen parameter defined as:
γju(
~k) = − u
ωj(~k)
∂ωj(~k)
∂u
, (9)
which we also used to accurately describe the thermal
expansion of GeTe [52].
To account for the lattice orientation mismatch at the
domain wall boundaries in 39◦ and 141◦ (111¯) DWs, we
consider the cases of phonon reflection and transmis-
sion that conserve the phonon momentum inside the DW
plane [56]. A phonon with certain Cartesian components
of the momentum corresponds to different parts of the
Brillouin zone depending on which side of the DW that
phonon is. To preserve the momentum, the transmit-
ting phonon needs to change its energy due to lattice
orientation mismatch. The corresponding perturbation
potential can then be defined as:
V jm(
~k, x) = ~∆ωj(~k)δ(x− d0), (10)
where ∆ωj(~k) is the phonon frequency change for the
phonon with frequency ωj(~k) whose momentum is con-
served upon transmission to the other side of the DW,
and d0 is the position of the DW in the structure.
Using Fermi’s golden rule, we define the scattering rate
induced by the presence of a DW as [55]:
Γ(~k) =
n
vg~2
2k2x
k2
|g(2kx)|2, (11)
where n = 1/2L is the density of DWs, 2L is the domain
size, vg is the group velocity in the direction of the DW
vector, kx is the projection of the phonon wave vector in
same direction and |g(2kx)| is the Fourier transform of
the scattering potential:
g(2kx) =
∫ L
−L
V (x)e−i2kxxdx. (12)
We have made the following approximations in the im-
plementation of the outlined approach. The polarization
change in each calculation is taken to be purely Ising, so
there is no phonon scattering due to rotation of polar-
ization. Grüneisen parameters do not accurately quan-
tify phonon frequency changes for large structural dis-
tortions. We do not account for the structural renor-
malization in the middle of domains. We assume that
8this effect arises due to finite size effects in our calcula-
tions and should be zero for domain sizes of ∼100 nm.
For (11¯0) DW, we do not account for the observed small
changes in the lattice constant and angle. We do not take
into account diffusive scattering at DWs, since this effect
may not be important [36, 57]. The results obtained with
our model should represent a lower bound for the lattice
thermal conductivity reduction due to DWs.
We calculate the lattice thermal conductivity of GeTe
with domain walls in the direction perpendicular to DW
planes as:
κL =
1
NV
∑
~k,j
c(ωj(~k))(vj(~k))2/(Γjanh(
~k) + ΓjDW (
~k)),
(13)
where c(ωj(~k)) is the specific heat capacity of the phonon
mode with the wave vector ~k and the branch j, vj(~k) is its
group velocity, and Γjanh(~k) and Γ
j
DW (
~k) are the phonon
scattering rates due to anharmonic processes and DWs,
respectively. Here we used the constant relaxation time
approximation for Γjanh(~k). We calculated this value at
several different temperatures from our previous calcula-
tions of the lattice thermal conductivity of GeTe [14].
Fig. 8(a) shows the contribution of each type of scat-
tering to the lattice thermal conductivity reduction in
GeTe structure with 39◦ H-H DWs and the domain size
of 160 nm (approximately the value observed in exper-
iment [19]) with respect to bulk. We assume that the
perturbation potential is the sum of the contributions
from lattice orientation mismatch and local changes of
the structural parameters. This allows us to check the
individual contributions of each perturbation potential
(see Eqs. 8 and 10). The largest contributions to κL
come from local changes of the lattice constant and in-
ternal atomic displacement near the DWs, thus confirm-
ing that strong strain-order parameter coupling at DWs
indeed reduces the κL of GeTe. Local angle distortions
have a weak effect on κL due to relatively small values of
the generalized mode Grüneisen parameters for the an-
gle. The contribution of lattice orientation mismatch to
the κL reduction is also small since the domain size is
much larger than the average phonon mean free path in
GeTe. At higher temperatures, the difference between
the κL values for single crystal and domain structure be-
comes smaller since anharmonic processes become dom-
inant. Fig. 8(b) illustrates the effect of the domain size
on the lattice thermal conductivity at room temperature.
For large domain sizes, κL tends towards the bulk value.
For smaller domain sizes, there is a steep decline of the
lattice thermal conductivity, driven by an increased den-
sity of local structural distortions.
Table III shows considerable reductions of the lattice
thermal conductivity of GeTe structure with one partic-
ular type of considered DWs and the domain size of 160
nm with respect to bulk at 300 K. (111) DWs have large
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FIG. 8. (a) Lattice thermal conductivity of bulk GeTe and
GeTe structure with 39◦ head-to-head (H-H) domain walls
(DWs) and the domain size of 160 nm at 300 K, showing
the contribution of each scattering mechanism due to the
DWs. Contributions from lattice orientation mismatch and
the change of angle to the conductivity reduction are negli-
gible and hence these lines are on top of the single crystal
result. (b) Dependence of the lattice thermal conductivity of
GeTe with 39◦ H-H DWs on the domain size at 300 K.
thermal resistance since they are the widest DWs consid-
ered and have sizeable structural distortions. Similarly,
180◦ (111¯) T-T DW has the largest thermal resistance
due to large structural deformations in the vicinity of
this relatively wide DW. The smallest reduction of κL is
obtained for (11¯0) DW, where local changes of the lattice
constant and angle are taken to be zero. Consequently,
the larger the amount of local distortions near the DW,
the larger the κL reduction. Our results clearly illustrate
the potential of domain walls for substantially reducing
the lattice thermal conductivity of GeTe.
CONCLUSION
In summary, we presented a first principles structural
characterization of (111¯), (111) and (11¯0) domain walls
in GeTe, which included calculations of domain wall en-
9Charged DW 39◦ (111¯) 180◦ (111¯) 180◦ (111)
H-H DW 70% 71% 65%
T-T DW 79% 53% 64%
Neutral DW 141◦ (111¯) 180◦ (11¯0)
H-T DW 75% 79%
TABLE III. Lattice thermal conductivity of GeTe structure
with a particular type of domain walls (DWs) at 300 K and
the DW density of 1/160 nm−1, given as a percentage of the
bulk value. H-H and T-T denote head-to-head and tail-to-tail
DWs, respectively. 141◦ and (11¯0) DW only have head-to-tail
DWs.
ergies and widths, local polarization and local structure
distortions. (111) domain walls exhibit the Ising charac-
ter of polarization change, while all other domain walls
show mixed Ising-Néel character. Large local structure
distortions and strong strain-order parameter coupling
are present at most of the domain walls investigated. We
have shown that the lattice thermal conductivity of GeTe
can be substantially lowered by these domain walls, par-
ticularly by those with large structural changes and large
widths. At high domain wall densities, phonon scattering
from strain fields becomes dominant, and lattice thermal
conductivity can be dramatically suppressed. Domain
engineering could thus be used to optimize the thermo-
electric performance of GeTe.
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